Wetlaid/spunlace(wetlace) nonwovens with sufficient wet strength in use and disintegration under flow field can be widely used in dispersible moist wipes. To achieve superior properties, wood pulp/Lyocell wetlace nonwovens at different process parameters including pressure sum (sum of each Jet Head pressure), Lyocell blend ratio, and basis weight were prepared. Meanwhile, the effects of these process parameters on the wet strength and dispersibility of materials were investigated. The results show that the wet strength of wood pulp/Lyocell wetlace nonwoven increases as the increase of process parameters. Pressure sum has positive linear relationship with material wet strength and exponential relationship with material dispersibility. When pressure sum is beyond 135 bars, material basis weight has significant influence on the dispersibility. Pressure sum of 210 bars is the key value that Lyocell content affects the material dispersibility. Overall, at the minimum pressure sum of 190 bars, wood pulp/Lyocell (60/40) wetlace nonwoven (80 g m ) has dispersion critical value with maximum wet strength.
Introduction
In today's fast-spaced life, convenience has become the priority for wipe products such as moist toilette tissues, bath/ bathing wipes, and dispersible moist wipes [1] . When referring to the wiping material that requires for skin contact, spunlace nonwovens have emerged as the preferred fabrics. Spunlace fabrics comprise the largest segment of nonwovens for wipes due to their excellent properties [2] . Unfortunately, the traditional spunlace nonwoven wipes often contain fully entangled synthetic fibers and are difficult to be dispersed or degraded after being discarded into toilet, which results in adversely impacting plumbing or wastewater infrastructure.
As of now, wetlace technology for dispersible moist wipe has been drawing great attention due to sufficient wet strength in use and rapid disintegration after use [3, 4] . It is evident that wetlace method contains wetlaid and spunlace processes. Wetlaid process offers high production speed and great flexibility to achieve homogeneous paper-based products [5, 6] . Spunlace uses fine, closely spaced, highspeed waterjets that strike a web of fibers on a drum or a belt to form spunlace nonwoven by rearranging and entangling the fibers [7] . Spunlace nonwoven with excellent properties (softness, comfortable, and high strength) can be widely applied in disposable moist wipes [8, 9] . However, material wet strength and dispersibiltiy is a couple of contradictions. To maintain the balance between them, reasonable processing technology needs to be chosen.
As expected, wetlace material belongs to spunlace nonwoven. The properties of wetlace nonwoven are also determined by fiber entanglement degree [10] . As for wetlace nonwoven, many factors affect fiber entanglements and cohesions, i.e., pressure sum, fiber blend ratio, and basis weight [11] . Pressure sum represents the sum of each Jet Head pressure in spunlace process and always gives rise to the fiber entanglements. A high pressure sum has greatly potential to change the web structures and significant effect on the properties of subsequent products [7, 12] . Different fibers have different flexibility property. There is no doubt that different fiber blend ratios lead to different fiber entanglements and cohesions under the same waterjet pressure sum [13] . At the same time, different basis weights significantly affect the processing and production properties [14] . However, there are not reported studies for wood pulp/Lyocell wetlace nonwovens involving in these parameters.
On the other hand, Lyocell fiber derived from renewable energy sources is entirely biodegradable and has smooth surface, which prevents irritation of the skin and retains the liquid within fibers keeping the entire wipe saturated [15, 16] . Meanwhile, Lyocell fiber has highly crystalline structure in which crystalline domains are continuously dispersed along the fiber axis. This offers good dry strength as well as excellent wet strength [15] . Haeubl et al. [17] found that hydroentangled nonwovens based on Lyocell fibers offered consumers a discrete, textile-like product appearance and skin-feel. Uusi-Tarkka (bio-based nonwoven fabric-like materials produced by paper machines) used paper machines (wetlaid method) to create wood pulp/Lyocell nonwoven products. Wood pulp is a natural renewable resource that presents numerous advantages, such as high ratio of strength to weight, renewability, and processability [18] . However, wood pulp/Lyocell dispersible moist wipes from wetlace method have not been reported yet.
In this work, wood pulp/Lyocell wetlace nonwoven was prepared through different pressure sums (80, 135, 190 , and 245 bars), wood pulp/Lyocell blend ratios (60/40, 70/30, and 80/20), and basis weights (50, 65, and 80 g m −2 ). The wood pulp/Lyocell entanglement properties of wetlace nonwoven were revealed by introducing the fiber relative flexural rigidity. The arithmetic mean wet strength was used for evaluating the mechanical behavior of materials in use. The flush tube test took advantage of stable flow shear field produced by regular rotation of tube to disintegrate the fiber aggregation, and was chosen to monitor the dispersibility of materials. Meanwhile, the influences of these varied parameters (pressure sum, fiber blend ratio, and basis weight) on wet strength and dispersiblity of materials were systematically investigated, which guide the practical production of high value (wet strength and dispersibility) wood pulp/Lyocell wetlace nonwoven for dispersible moist wipes.
Materials and methods

Preparation of wetlace nonwovens
Lyocell fiber was kindly supplied by Lenzing AG-Austria. The linear density and length of fiber were 1.7 dtex and 12 mm, respectively. Wood pulp (KAMLOOPS KRAFT) was supplied by Domtar, Quebec City, Canada. The average width of wood pulp fibers was 36 µm, and the average length and thickness were 2.2 mm and 1.08 µm, respectively.
Before production, the moisture regains of wood pulp and Danufil were respectively measured, and then, the raw materials (wood pulp and Lyocell) were prepared according to the required blend ratios (60/40, 70/30, and 80/20). Regarding the pulping, the beating consistency was controlled at 3-5%, the pressure difference between inlet and outlet of disc mill was set at 0.1 MPa, and the beating degree was controlled at 12.5°-15.5° SR. Meanwhile, Lyocell fibers were evenly dispersed in water. Next, wood pulp and Lyocell were blended to form slurry concentration, which needed to be controlled at 0-0.08%. The homogenous wetlaid nonwovens with different basis weights were formed in the wet machine by the distributor, as illustrated in Fig. 1a . The production speed was kept constant at 180 m min −1 . Table 1 shows the parameters of nine types of wetlaid nonwovens with different fiber blend ratios and basis weights.
In the spunlace process, it had five manifolds labeled at jet heads 1, 2, 3, 4, and 5 (JH1, JH2, JH3, JH4 and JH5), as shown in Fig. 1a . Figure 1b showed the change of wetlaid nonwoven structure after spunlace process. For all the samples, JH1 and JH2 pressures both were kept constant at 40 bars. While it used the JH3, JH4, or JH5, each manifold was operated at the same waterjet pressure of 55 bars. In addition, each wetlaid nonwoven was respectively strengthened with four schemes of waterjet pressure sums (80, 135, 190, and 245 bars), which are listed in Table 2 . The jet strips fitted into the jet heads had 24 nozzles·cm −1 of 0.12 mm in diameter.
Properties testing and characterization
Morphologies of fibers and wetlace nonwovens were implemented on a SEM (TM3000, Hitachi, Japan). The wet strength of wetlace nonwovens was measured using YG026MB-250 testing machine (Fangyuan Textile Ins, China). Before test, materials needed to be pre-wetted by water spraying to mimic moist wipes, resulting in the water content of material was three times that of material dry weight [3] . For each sample, the experiment was repeated for five times according to the ISO 9073-3:1989 strip test method [19] . The arithmetic mean wet strength B was defined as the average value of machine direction (MD) and cross-machine direction (CD) of wet strength, which could be calculated as follows (1): The dispersibility or physical breakup of material was quickly measured and assessed by flush tube test developed by Trutzschler from Germany [20] , as presented in Fig. 2 . exhibits the flush tube test for one circulation process. The measured sample size was 10 × 10 cm 2 and the added water in the tube was controlled at two-thirds of the total volume.
Firstly, sample was put into glass tube and then the tube was sealed. The equipment clamped the glass tube and rotated 180°. Second, it kept 1 s and then returned to the original position (calculated one circulation). Next, the just process was repeated. Finally, it recorded the flush tube cycles when sample broken into more than 25 pieces. If the recorded cycles were more than 200, it meant that the material had no excellent dispersibility. Meanwhile for determining the dispersibility of material, each trial must be replicated five times.
Data of all experiments were expressed as the mean with standard deviation (SD). A 5% significance level was used for all analyses. The paired t test was used to analyze the correlation between pressure sum and wet strength, and between pressure sum and dispersion cycles.
Results and discussion
Fiber and wetlace nonwoven structures
As shown in Fig. 3a , Lyocell fiber has circular cross-section and smooth surface. Figure 3b shows that wood pulp has flat cross-section and the surface is uneven with a few drapes along the fiber axis. After spunlace, Lyocell and wood pulp are swirled and entangled with each other. Notably, the nonwoven shown in Fig. 3d is bonded at pressure sum of 245 bars and it visually displays a greater number of "U" shape entanglements (red circle regions) compared to the nonwoven, as shown in Fig. 3c , which is produced at pressure sum of 135 bars. It may be due to the fact that the increase in pressure sum results in increasing the fiber entanglements [7] . Meanwhile, the red dashed area (see Fig. 3d ) exhibits obvious condensed ribbon-like structures (spunlace channels). However, wetlace nonwoven suffered from pressure sum of 135 bars has not obvious channel region due to low water pressure sum in manufacturing [2] . On the other hand, Mao [13] obtained that the hydroentanglement generally decreased with increasing the fiber flexural rigidity. To compare with the flexural rigidity between wood pulp and Lyocell, the fiber relative flexural rigidity based on the same linear density (1dtex) is defined as follows [21] :
where R fr is the fiber relative flexural rigidity (cN cm 2 tex −2
), η f is the cross-section shape coefficient, ρ is the density of fiber (g cm −3 ), and E is the fiber initial modulus (cN tex −2 ).
As the previous study, the cross-section shape coefficient of Lyocell (η Lyocell ) is 0.91 [20] . Supposing that the crosssection of wood pulp is rectangular, the cross-section shape coefficient of wood pulp (η Pulp ) can be written by the following equation:
where I f is the second moment of area of wood pulp (cm 4 ), I 0 is the second moment of area (cm 4 ) when the section is converted into the circle with same area, b and h are the width (cm) and thickness (cm) of wood pulp, respectively, and d is the diameter of circle (cm). After calculation, the average cross-section shape coefficient of wood pulp is 3.14 × 10 −2 . The density of wood pulp and Lyocell is 0.7 and 1.5 g cm − 3 , respectively. Meanwhile, the initial modulus of Lyocell is greater than that of wood pulp (E Lyocell > E Pulp ). Then, the cross-section shape coefficient, density, and initial modulus of fibers are substituted into the Eq. (2). The relative flexural rigidity of wood pulp and Lyocell is 4.8 × 10
−2 E Lyocell and 3.6 × 10 −3 E Pulp , respectively. The result illustrates that wood pulp has small relative flexural rigidity and can be entangled easily compared to Lyocell. However, its length is too short to form a lot of fiber entanglement knots. In addition, Lyocell fiber can form the effective consolidation areas as long as it suffers from sufficient pressure sum. Therefore, Lyocell fibers are entangled into each other to form three-dimensional (3D) skeleton structure via a great number of "U" shape entanglements, and wood pulp are entangled into this structure (see Fig. 3a, b) , which is consistent with the previous study [11] .
Material wet strength
As can be seen in Fig. 4 , it displays the relationship between pressure sums and wet strength with different basis weights and Lyocell blend ratios. It is noticeable that the wet strength of wetlace nonwovens generally increases with increasing applied pressure sums. As mentioned previously, Lyocell constitutes the material skeleton of wood pulp/Lyocell wetlace nonwoven. Accordingly, in the process of wet stretching, disentanglement or slippage of Lyocell entanglement skeleton results in material fracture failure. Figure 5 shows the partial model of Lyocell fiber entanglements based on "U" shape. Suppose that the fiber Ι is regarded as Lyocell fiber, waterjet pressure sum makes the fiber Ι entangled with n root fibers. Thus, the cohesive fiber aggregations have a force on the displacement of fiber Ι. Meanwhile, discussion on the basis of "U" shape entanglement is involved in several previous references [22, 23] . Therefore, it can be concluded from the following equations (4): where µ is a constant, 1, 2, 3, 4, 5 … n is the entangled fiber around the fiber Ι, F 0 is the original external tension, F 1 is pull-out force that the fiber Ι is drawn out from the basic "U" shaped entanglement (fiber Ι, fiber 1), and θ 0 is the wrapped angle between fiber Ι and fiber (1) F 2 is pull-out force that the fiber Ι is drawn out from the fiber entanglements (fiber Ι, fiber 1 and fiber 2) and θ 1 is the wrapped angle between fiber Ι and fiber (2) F n is the pull-out force that fiber Ι pulls from the fibrous assemblies (fiber Ι, fiber 1, fiber 2 … fiber n) and θ n−1 is the wrapped angle between fiber Ι and fiber n. Therefore, the n equations are summarized and Eq. (5) is obtained as follows:
where ∑θ i is the sums of wrapped angles between fiber Ι and n root fibers, and mainly determines that fiber Ι pulls out from fiber aggregations (n root fiber entanglements) in wet state. In the course of wet stretching, there are many entangled fibers like fiber Ι that block the displacement of the fiber aggregates. Therefore, the increase in pressure sum results in increasing Lyocell fiber entanglements as well as the wrapped angles. Moreover, higher wrapped angles lead to increase the tensile strength of fiber web in wet state. At the same time, the straight lines in Fig. 4 are the linear fit lines between the simulated and experimental results from different Lyocell contents and basis weights, which have highly linear correlation. It is also found that the wet
strength of wetlace nonwovens associated with the same pressure sum can be listed as S1 > S2 > S3, S4 > S5 > S6, and S7 > S8 > S9. It is reasonable to conclude that an increase in Lyocell content results in the increase of the sums of wrapped angles as well as wet strength.
In addition, comparing the wet strengths of wood pulp/ Lyocell wetlace nonwoven with different basis weights (see Fig. 4a-c) , we also find that under the same fiber blend ratios, the sequence of material wet strength distribution is S7 > S4 > S1, S8 > S5 > S2, and S9 > S6 > S3. It is evident that the increase in nonwoven basis weight leads to increasing the material wet strength, which is consistent with the study of previous reports [8] . Because increasing the material basis weight results in increasing the Lyocell and wood pulp quantities.
Furthermore, according to the dispersible moist wipe material available in the market, the wet strength of material in use is more than 4.5 N/50 mm [3] . Thus, wood pulp/ Lyocell wetlace nonwovens have sufficient wet strength in use, except wood pulp/ Lyocell (80/20, 70/30) samples under the pressure sum of 135 bars. Figure 6 indicates the results of wetlace nonwovens dispersion at different pressure sums, fiber blend ratios, and basis weights. It is noticeable that an increase in applied pressure sum results in the increase of flush tube cycles and decrease of material dispersibility. The flush tube rotates to yield shear stress field to overcome the fiber entanglements. Pressure sum is conducive to fiber entanglements and an increase in fiber entanglements results in increasing the required shear time of water flow field as well as flush tube cycles [24, 25] . The relationship between pressure sums and dispersion cycles can be described by exponential function and have the high correlation degrees of the nonlinear fitting, as also presented in Fig. 6 .
Material dispersibility
Meanwhile, wood plup/Lyocell wetlace nonwovens have similar dispersion cycles at the pressure sum of 80 bars in spite of different fiber blend ratios and basis weights. Because small pressure sum only makes the material, surface fibers possess certain entanglements and cohesions. When the pressure sum is in the range of 80-210 bars, the required flush tube cycles increase gently. In this stage, an increase in Lyocell content leads to decrease the flush tube cycles and enhance the dispersibility. This may due to the fact that pressure sum is rather too low to achieve sufficient Lyocell entanglements in these nonwovens, especially internal fibers. While the pressure sum ranges from 210 to 245 bars, the cycles for material dispersion increase sharply and an increase in Lyocell content results in increasing the dispersion cycles as a result of sufficient Lyocell fiber entanglements of material. There is no doubt that the pressure sum of 210 bars is the key value that Lyocell content significantly affects the material dispersibility.
On the other hand, basis weight has little effect on the required dispersion cycles of materials under the low pressure sums (80-135 bars). On the contrary, material basis weight has significant influence on the required dispersion cycles with high pressure sums (135-245 bars). In addition, the increase in material basis weight leads to increase in dispersion cycles. In addition, pressure sums around 210, 200, and 190 bars are found to be the dispersion critical values of samples (50, 65, and 80 g m −2 ), respectively. Above these pressure sums, the required flush tube cycles of samples are all more than 200 and these samples lose dispersibility thoroughly. According to these dispersion critical pressure sums, the corresponding maximum wet strength of materials is, respectively, 13.5 N/50 mm (see Fig. 4a ), 17.5 N/50 mm (see Fig. 4b ), and 19.0 N/50 mm (see Fig. 4c ), and the wood pulp/Lyocell ratios are all 60/40. . Date are expressed as the mean ± standard error, N = 5, *P < 0.05 as determined using the paired t test 
Conclusions
In this study, wood pulp/Lyocell wetlace nonwovens at different waterjet pressure sums, Lyocell blend ratios, and basis weights were fabricated, and the effects of these varied process parameters on the wet strength and dispersiblity of materials were investigated. The increase in pressure sum, Lyocell blend ratio, or basis weight results in increasing the wet strength of materials. In spite of different basis weights, materials possess similar dispersibility at the pressure sums from 80 to 135 bars. Beyond the pressure sum of 135 bars, material basis weight has significant influence on the required dispersion cycles. The increase in Lyocell content leads to decrease the flush tube cycles and the required flush tube cycles increase slowly under the pressure sum of 210 bars. But above this pressure sum, the cycles for material dispersion increase sharply and the increase in Lyocell content results in increasing the dispersion cycles. Meanwhile, pressure sums have positive linear relationship with material wet strength and exponential relationship with material dispersibility. In short, wood pulp/Lyocell (60/40) wetlace nonwoven (80 g m −2 ) has dispersion critical value with maximum wet strength in use around the smallest pressure sum of 190 bars. By control of pressure sum, fiber blend ratio, and basis weight, the wet strength and dispersibility of wood pulp/Lyocell wetlace nonwoven can be regulated and optimized. . Data are expressed as the mean ± standard error, N = 5, *P < 0.05 as determined using the paired t test
